INTRODUCTION
Attempts to meet the increasing demand for highperformance and long-lasting abrasives, cutting tools, and forming dies have resulted in the development of superhard materials (Vicker's hardness ≥40 GPa). While diamond and cubic boron nitride (c-BN) are the most important superhard abrasives, materials that can be synthesized without the need for high pressure are more desirable. Tungsten tetraboride (WB 4 ), therefore, has triggered a great deal of interest among researchers because of its desirable mechanical properties such as high Vickers hardness (43.3 ± 2.9 GPa) 1,2 and high incompressibility (324 ± 3 GPa). 3 The synthesis of WB 4 requires neither high pressures like c-BN and diamond nor expensive platinum group metal found in other superhard metal borides, such as rhenium diboride (ReB 2 ). [4] [5] [6] [7] strong, short covalent bonds formed by carbon atoms, which helps resist the motion of dislocations and results in a high shear modulus. The excellent incompressibility (bulk modulus = 442 GPa), 10 on the other hand, results from its high valence electron density (0.705 electrons/Å 3 ), which is believed to be the determining factor for bulk modulus. Therefore, it was reasoned that superhard compounds could be obtained by combining elements that are capable of forming short covalent bonds such as boron and elements with high valence electron density such as tungsten or rhenium. Indeed, a new superhard material, hafnium/yttrium dodecaboride 11 (Hf 1-x Y x B 12 ), was recently produced following this design rule. One challenge with these materials, however, is the need for excess boron to thermodynamically drive the formation of higher boride over the kinetically more favorable lower borides. For example, WB 4 can only be made by arc melting with a W:B molar ratio of ∼1:12, 12 and YB 12 requires a ratio of 1:20. Removing the excess boron is still a major challenge, resulting in sample nonuniformity. 13, 14 In contrast to higher borides, lower borides, for example, tungsten monoboride (WB), can be made at an exact W:B molar ratio of 1:1 without any stoichiometric issues. WB crystallizes in either a tetragonal phase at low temperature (LT) or an orthorhombic phase at high temperature (HT) with a transition temperature of 2170°C (Fig. S1 in the supplementary  material) . 15 The HT-WB phase can be stabilized at room temperature with the addition of small amounts of Ta (1%-5%). Synchrotron-based high pressure studies show that the LT-WB is less compressible, while the stabilized HT-WB supports a higher differential strain and shows a higher onset of plastic deformation. 16 It is not surprising that neither phase is superhard based on microindentation hardness tests (35.5 ± 2.5 GPa for HT-WB, 31 ± 3.0 GPa for LT-WB) because of the significantly reduced level of covalent B-B bonding in these materials. Yeung et al. 17 have demonstrated, however, that the hardness of WB can be improved with the addition of Ta, resulting in a distortion of the tetragonal host matrix crystal structure into an orthorhombic structure. The hardness of three Ta x W 1-x B solid solution samples containing 5%, 25%, and 50% Ta is summarized in Table S1 in the supplementary material showing that a maximum value of 42.8 ± 2.6 GPa at 50 at. % Ta. Although the hardness under varied applied loads has been studied, the dopant concentration induced change in their elastic deformation behavior such as incompressibility and crystal lattice strain is still unknown. In addition, Vickers hardness tests cannot provide lattice specific information about hardness, which is the key to understanding the mechanisms for increasing the hardness of Ta x W 1-x B solid solutions.
Here, we performed synchrotron-based angle dispersive X-ray diffraction (XRD) experiments in radial geometry [18] [19] [20] [21] [22] [23] using a diamond anvil cell (DAC) 24 to evaluate the bulk modulus and anisotropic lattice strain deformation behavior in this family of Ta x W 1-x B solid solutions. The non-hydrostatic high-pressure diffraction experiments can provide valuable insights for understanding the hardening mechanisms in these solid solutions, showing which lattice planes are most affected by the addition of Ta. It can also help separate intrinsic hardening effects from extrinsic ones. 25 
EXPERIMENTAL PROCEDURE
Three solid solutions of Ta x W 1-x B with x = 0.05, 0.25, and 0.50 were synthesized by arc melting. The powder of tungsten (99.95%, Strem Chemicals, USA), tantalum (Roc/Ric, 99.9%), and amorphous boron (99+%, Strem Chemicals, USA) were weighed according to the composition of each sample. Powders were then mixed together thoroughly in an agate mortar using a pestle followed by pressing into pellets under an applied load of 10 tons using a hydraulic Carver press. Subsequently, the pellets were placed in an arc-melting furnace filled with high-purity argon and a ∼100 A DC current was applied for 1−2 min to arc-melt the samples. In order to ensure homogeneity, the fused ingots were then flipped over and re-arced. The ingots were then crushed and ground to fine powders with a particle size of <20 μm.
The in situ angle-dispersive high pressure radial X-ray diffraction experiments were performed at the Advanced Light Source (ALS) at Lawrence Berkeley National Laboratory (LBNL) on synchrotron beamline 12.2.2 in order to study the lattice-plane deformation behavior of Ta x W 1-x B solid solutions subjected to a large applied non-hydrostatic stress. The sample was loaded into the hole (∼50 μm in diameter) of a boron-epoxy gasket (∼400 μm in diameter and ∼60 μm in thickness) in a diamond (∼300 μm in culet size) anvil cell (DAC) without a pressure-transmitting medium in order to maximize the non-hydrostatic stress components. Each sample was loaded in the same way, in three separate DACs. A small piece of Pt foil (∼20 μm in diameter) was placed on the top of the sample to serve as a pressure calibrant. The incident monochromatic X-ray with a wavelength of 0.4959 Å was collimated to 20 × 20 μm in beam size and then passed through the sample parallel to the diamond culet. The pressure was increased in ∼4 GPa steps and the 2D diffraction image was collected with program FIT2D 26 after calibration of the detector distance and orientation using a LaB 6 standard.
The polycrystalline sample undergoes considerable deformation in the DAC as compression increases. The state of stress and d spacings of sample were analyzed using lattice strain theory. [27] [28] [29] A compressed sample under uniaxial loading in a DAC is subjected to a macroscopic differential stress, t, which is limited by the shear strength, τ, and the yield strength, σ y , according to the Tresca yield criterion
Here, σ 3 is the maximum stress along the compression direction, and σ 1 is the minimum stress parallel to the diamond culet. By examining the macroscopic differential stress, one can evaluate the lower-bound of the material's yield strength. The relationship between the measured d-spacing, d m (hkl), and w, the angle between the diffracting plane normal and the loading axis, is given by
where d p (hkl) is the d spacing resulting from the hydrostatic component of stress, Q(hkl), which is the orientation dependent lattice strain, 31 which can be written as
Here, G R (hkl) is the lattice dependent Reuss shear modulus under an iso-stress 32 condition, while G V is the lattice independent Voigt shear modulus under an iso-strain 33 condition. Note that most high pressure studies, especially for superhard materials, use the iso-stress assumption. 25, 34 The differential stress supported by a set of lattice planes (hkl) can be estimated using the relation 35, 36 t ¼ 6G(hkl)hQ(hkl)i:
The hQ(hkl)i can be resolved from the ratio of the slope to the intercept in the plot of d m (hkl) vs (1 À 3cos 2 w) according to Eq. (2) and it is believed to be a good qualitative indicator of hardness since Q(hkl) reflects the contributions of both plastic and elastic deformation. 37, 38 The d p (hkl) measured at w ¼ 54:7
reflects the compression behavior due to hydrostatic component of stress. In other words, the equivalent hydrostatic compression curve can be derived from non-hydrostatic data.
The ambient bulk modulus, K 0 , then can be determined by fitting the compression curve to the second order Birch-Murnaghan equation-of-state (EOS)
Note that the unit cell volume at each pressure is measured at w ¼ 54:7 . 40 to its unit cell volume. As can been seen in the two-dimensional image (Fig. 1) , the diffraction peaks shift toward higher diffraction angles with increased pressure. Greater shifts are found in the high stress direction indicated with an arrow. The change from circular to elliptic diffraction rings is a result of differential stress, which is believed to be related to the elastic limit of the sample. Note that the spotty pattern, which arises because of the finite number of grains in the sample volume, prevents texture analysis. Examples of full integrated low and high pressure one-dimensional diffraction pattern of Ta x W 1-x B solid solutions are shown in Fig. S2 in the supplementary material. The stick reference pattern given below the experimental diffraction peaks is from the Joint Committee on Powder Diffraction Standards ( JCPDS Card #00-006-0541). As can be seen in the figure, all three WB solid solutions containing Ta crystallize in the orthorhombic HT structure. A clear shift toward lower angle is observed with increasing Ta content because the atomic size of Ta (1.49 Å) is larger than that of W (1.41 Å). 41 Shifts to higher angle are observed at higher pressure.
RESULTS AND DISCUSSION
The pressure dependence of the lattice constants for Ta x W 1-x B solid solutions is summarized in Fig. 2 and Table S2 FIG in the supplementary material. There are no signs of phase transformations upon compression. In addition, since TaB is fully miscible with WB, no pure metals or any other secondary phases are found in the diffraction pattern across the entire pressure range, suggesting that extrinsic hardening mechanisms 2,42 such as precipitation hardening or dispersion hardening are not responsible for the observed increase in hardness (Table S1 in the supplementary material). The hardness enhancement in Ta x W 1-x B solid solutions can thus be attributed to solid solution hardening driven either by the atomic size mismatch between Ta and W, or by some electronic structure change resulting from incorporation of elements of different valence electron count.
To obtain the differential strain, peak positions as a function of the angle w were fit according to Eq. (2). An example of such fits with excellent linearity is shown in Fig. S3 in the supplementary material for the (200), (020), and (002) lattice planes of Ta 0.50 W 0.50 B at a pressure of 42.4 GPa. This study focuses on the role of metal composition in determining the directional-dependent mechanical properties. The three orthogonal planes were therefore chosen because they reflect the anisotropic deformation behavior of the lattice constants a, b, and c in the orthorhombic structure. The intercept of each line gives the d-spacing under the hydrostatic equivalent stress, while the slope yields the lattice strain. Because the shear modulus is not known for these solid solutions, those data are left as the ratio of the differential stress to the aggregate shear modulus (t(hkl)/G), which is equivalent to the differential strain. These t/G values for Ta 0.05 W 0.95 B (black), Ta 0.25 W 0.75 B (red), and Ta 0.50 W 0.50 B (blue) are plotted as a function of pressure in Fig. 3 . Although the shear moduli across solid solutions were not measured, their variations with metal composition are believed to be modest. 43 Therefore, the general trends in t(hkl)/G can be considered as good qualitative indicators of trends in t(hkl).
Figure 3(a) shows data for t(020)/G ratio for the three samples. The trends are very similar in all cases, with the ratio initially increasing linearly with pressure, then leveling off between 20 and 30 GPa, and increasing much more slowly afterwards, ending with a plateau, which can be explained as the onset of plastic deformation or yield by a slip system. 37 When the concentration of Ta is first increased from 5% to 25%, no clear change in the plateau value is observed. If we interpret the extent of supported differential strain as a yield strength estimate, this suggests that at low doping level, the hardness enhancement is not due to the strengthening of the [020] direction, i.e., the b-axis. However, when 50% Ta is substituted for W, the t(020)/G ratio increased from 4.6% to 5.2% at the highest value, suggesting that strengthening of the b-axis by solid solution hardening becomes more important at higher doping levels.
As can be seen in Fig. 3(b) , the (002) plane supports a lower differential strain compared to the (200) GPa range with a t/G value of 1.5%, but at higher pressures, it resumes increasing. This high pressure increase in differential strain may result from work hardening effects, which are not found in either Ta 0.25 W 0.75 B or Ta 0.50 W 0.50 B. When the Ta concentration is increased from 5% to 25%, a clear increase in the t(002)/G ratio is observed, and the low pressure plateau disappears, suggesting that solid solution effects may be preventing slip in this direction. However, with a further increase in concentration to 50%, there is no additional change in t(002)/G. This behavior suggests that strengthening of the (002) plane produces large changes at low concentration of heteroatoms, but that the effect saturates at higher solid solution fractions.
Unlike the (020) and (002) planes, the trend in the (200) plane shows no plateau across the entire pressure range, indicating that the a-axis has not yielded by the highest pressure reached in this experiment [65 GPa, Fig. 3(c) ]. Given that the (200) supports the highest t/G ratio among the three selected planes for all solid solutions, the [200] or a-axis direction appears to be the hardest direction.
One can gain some insights into the strength anisotropy by considering the structure of WB. As shown in the inset, the a-axis is dominated by strong W-B bonds, which are believed to be the cornerstone of the materials strength for monoborides, 44 while the b-and c-directions involve fewer W-B bonds. In addition, the t(200)/G ratio of the three solid solutions presents nearly the same linear relationship with pressure, regardless of the dopant concentration, indicating that solid solution hardening is not pronounced along the a-axis. In other words, the intrinsically hardest direction cannot be further strengthened by solid solution hardening. Therefore, despite the fact that Ta 0.50 W 0.50 B (and all the other compositions) reach a maximum in t(200)/G with a value of 6.5% at 65 GPa, this plane does not slip at any modest pressures and so is not important for controlling material failure.
Because of the highly anisotropic nature of this orthorhombic lattice, it is useful to examine the b/a ratio of WB solid solutions as a function of orientation (w ¼ 0 , 54:7 , and 90 ) as another way to visualize the onset of plastic deformation. In a radial diamond anvil cell, whenever a crystallite of orthorhombic Ta x W 1-x B is oriented with its b-axis along the maximum stress direction (w ¼ 0 ), it will have its a-axis and c-axis oriented along the two minimum stress directions (w ¼ 90
). Therefore, a lattice b value measured in the high stress direction is always paired with a lattice a value in the low stress direction and vice versa. Paired b/a ratios can thus be calculated at w ¼ 0 , 90 , and under isotropic conditions at 54:7
. In these data, a clear discontinuous change in b/a ratio for the three solid solutions is observed in all orientations (Fig. 4) . This discontinuity can be associated with the onset of plastic deformation and thus a deviation from linear compressibility. In agreement with the trends in hardness, this onset value is observed to increase from ∼15 GPa for the 5% Ta sample to 20-25 GPa for the 25% Ta sample to greater than 30 GPa for the 50% Ta sample.
In addition to trends in the t/G ratio, we also examined trends in bulk modulus across the solid solution samples. The incompressibility was determined by fitting both secondorder and third-order Birch-Murnaghan equations-of-state to the unit cell volume as a function of pressure as shown in Fig. 5 , and Figs. S4 and S5 in the supplementary material. We note that the data collected at low pressures in radial diffraction (non-hydrostatic compression) tend to show a higher uncertainty because at low pressures the sample is not compact enough, leading to a nonuniform stress state. The bulk modulus values for Ta 0.05 W 0.95 B, Ta 0.25 W 0.75 B, and Ta 0.50 W 0.50 B are 341 ± 5, 340 ± 6, and 337 ± 3 GPa, respectively, which are all the same within experimental error. The values from third order fitting are 329 ± 8, 327 ± 14, and 345 ± 5 GPa with pressure derivative values of 4.6, 5.2, and 3.3. These values are again similar, and the slightly larger variation likely stems from variation in the derivative values, which are hard to fit accurately. This result is somewhat surprising, given the bulk modulus of TaB (277 GPa), 45 which is much lower than WB (351 GPa). 46 Note that the TaB theoretical values were calculated based on the generalized gradient approximation (GGA). The authors also presented a bulk modulus value of 302 GPa for TaB, which is an average of the GGA and LDA values and they believe it is more accurate. For many solid solutions, the bulk moduli are just linear combinations of the two end members, as found in Os 1-x Ru x B 2 solid solutions. 47 This divergence from Vegard's Law may arise from the fact that tantalum is only one atomic number less than tungsten, and so they have the same core electron count, which is believed to play an important role in determining bulk modulus, in addition to the valence electron count.
CONCLUSIONS
We have compared the differential strain supported by Ta x W 1-x B solid solutions across compositions to understand hardness enhancements in a lattice specific manner. When the concentration of Ta is increased from 5% to 25%, plastic deformation in the (002) direction, which is the weakest direction, is suppressed by solid solution hardening, indicating that strengthening of the (002) direction is responsible for the hardness enhancement observed in going from Ta 0.05 W 0.95 B to Ta 0.25 W 0.75 B. With further addition of Ta up to 50%, there is no further increase in the t(002)/G ratio; however, there is a slight increase in the plateau value of t(020)/G at this highest Ta ratio, suggesting that strengthening of the b-axis may be responsible for the hardness increase observed on going from Ta 
